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ABSTRACT 
CHARACTERIZATION OF ANTIBIOTIC RESISTANCE IN VIBRIO CHOLERAE 
ISOLATED FROM SHIPS' BALLAST AND OTHER ENVIRONMENTAL SOURCES 
Frank Kornegay Thomson, III 
Old Dominion University, 2009 
Director: Dr. Fred Dobbs 
Ships' ballast has been implicated as a vector in the dispersal of invasive species 
into new environments. Numerous cases have been documented for the introduction of 
macroorganisms via ballasting operations, but what is less known is the role of ballast 
water and residuals in the spread of potentially harmful microbes, especially with 
reference to novel genotypes. Of particular interest are the genes encoding for various 
forms of antibiotic resistance, many of which are carried on mobile genetic elements. A 
four-year sampling effort has yielded over 300 putative isolates of Vibrio cholerae from 
ships' ballast tanks and various environmental sources, of which 208 have been profiled 
for antibiotic susceptibility using twelve diverse antibiotics. The results demonstrate 
widespread resistance to P-lactam antibiotics (67%), especially in nearshore isolates as 
compared to those isolates derived from ships' ballast tanks. Plasmid extractions and 
restriction enzyme analyses have shown evidence of plasmids of approximately 38 and 
23 kbp in many of these isolates, suggesting the potential for horizontal gene transfer 
(HGT). Additional work using restriction fragment length polymorphisms and PCR for 
specific antibiotic resistance genes has yet to reveal the genetic source of the observed 
antibiotic resistance. Knowledge from this study and future microcosm experiments will 
help to ascertain the potential for HGT in a ballast tank setting. 
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Ships' ballast water is a notorious vector in the inter- and intra-regional dispersal 
of non-indigenous species. Used to stabilize vessels as they traverse the world's oceans, 
over ten billion tons of ballast water are discharged annually. From this quantity, 
approximately one species is permanently introduced into a new marine environment 
every nine weeks (Raaymakers 2002). The potential impact of such introductions is best 
exemplified by heavily studied macroorganisms such as the freshwater zebra mussel 
(Dreissena polymorpha), which has, in 20 years, spread from its initial point of 
introduction in the Great Lakes to most of the Mississippi River's drainage basin 
(Bossenbroek et al. 2007). The organisms with the highest inoculum densities, however, 
and thus, in the context of invasion-biology, the greatest potential for successful 
establishment (Williamson & Fitter 1996) are microbes. 
Despite their high abundance, short generation times, resilient life stages, and 
genetic plasticity (all factors associated with successful invasive species), micro-
organisms have been largely understudied in ballast-water studies until recently (Dobbs 
& Rogerson 2005). Ruiz et al. (2000) estimated average concentrations of bacteria in 
ballast water to be on the order of 108 per liter and virus-like particles to exceed 109 per 
liter. Furthermore, among these ballast-tank bacteria they found Vibrio cholerae 
serotypes 01 and 0139, the etiologic agents of pandemic human cholera. In addition to 
the obvious implications for human health, the introduction of bacteria and other 
The model journal for this document is Aquatic Microbial Ecology. 
2 
potentially invasive species can lead to homogenization of endemic communities and 
disruption of ecological structure and function through alterations of competitive balance 
and trophic interactions (Dukes & Mooney 1999). 
Vibrio cholerae 
The bacterium Vibrio cholerae was selected as the organism of focus for this 
study of antibiotic resistance and gene transfer in part because of its relative ubiquity in 
estuarine environments world-wide (Colwell 1996). This organism belongs to the family 
Vibrionaceae and is a motile (single polar flagellum), gram-negative rod with numerous 
strains or serotypes. Previous studies have established precedent for the rapid 
biochemical (Choopun et al. 2002) and molecular (Chun et al. 1999) identification of this 
species, thus facilitating the initial step of obtaining presumptive isolates of V. cholerae. 
In addition, the impact of V. cholerae on human health concerns has contributed to a 
plethora of studies related to antibiotic resistance in both clinical and environmental 
isolates of this organism (e.g., Garg et al. 2000; Dalsgaard et al. 1999a). As a result, a 
wealth of data has been generated regarding these patterns of antibiotic resistance, both 
phenotypic and genotypic. Vibrio species, especially antibiotic-resistant strains, are also 
of concern to the aquaculture industry, both in terms of contamination and their effect on 
product yield (Olsen & Larsen 1990). 
Vibrio cholerae causes human cholera, a pandemic disease characterized by 
severe outbreaks of dehydrating diarrhea in infected individuals. Globally, the World 
Health Organization (2006) estimates that there are approximately 300,000 cases of 
cholera annually, with nearly ten percent of these cases being fatal. The disease is 
transmitted through fecal contamination of food and water in areas lacking adequate 
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sanitation. However, the environmental reservoirs of V. cholerae also play important 
roles in its epidemiology, especially with respect to seasonality (Colwell 1996). 
Historically, cholera has been associated with the Ganges Delta area of India and 
Bangladesh, but outbreaks have occurred in all developing areas of the world, including 
relatively recent epidemics in Africa (Gaffga et al. 2007) and South America (Gil et al. 
2004). Acquired immunity is common in adult inhabitants of regions where cholera is 
widespread (Levine et al. 1983), but the pandemic nature of this disease often brings it to 
areas in which immunity is not prevalent. This point is best illustrated by the outbreak in 
Latin America from 1991-1994, in which there were over 1 million cases and more than 
10,000 deaths (Gil et al. 2004). Cholera had been absent in this region for over 100 years 
prior to its arrival in 1991, presumably via ships' ballast water or travelers or both 
(Wachsmuth et al. 1994). In the United States, an endemic focus of cholera exists in the 
Gulf of Mexico and is thought to be transmitted from a marine reservoir via 
contaminated seafood (Sack 2001). 
Only Vibrio cholerae serogroups 01 and 0139 have been associated with 
pandemic cholera (Faruque et al. 1998). Recently, other strains of non-Ol and non-0139 
V. cholerae have exhibited toxigenicity, but outbreaks have not been of epidemic 
proportions (Dalsgaard et al. 1999a; Jiang et al. 2003). Serogroup 01 is subdivided into 
three serotypes (Ogawa, Inaba, and Hikojima) and two biotypes (classical and El Tor). 
Serogroup 0139, an emergent strain of V. cholerae discovered in 1992, has been 
hypothesized to have acquired its toxigenicity via horizontal gene transfer with organisms 
from serogroup 01 (Faruque et al. 2003b). 
4 
Pathogenicity in Vibrio cholerae is based on a suite of genotypic characters, most 
importantly the presence of the ctxA and tcpA genes, which encode for cholera toxin and 
the toxin coregulated pilus, respectively. These and other virulence-associated factors are 
concentrated in three primary clusters, the CTX genetic element, the Vibrio Pathogenicity 
Island (VPI), and the RTX toxin gene cluster. Consequently, toxigenic V. cholerae 01 
and 0139 possess a characteristic genotype with a predictable arrangement that can be 
monitored in environmental and clinical isolates (Rivera et al. 2001). Furthermore, these 
genetic elements (e.g., VPI) have the potential for mobility among strains of V. cholerae 
(Faruque et al. 2003a). Screening of isolates for ctxA and tcpA was conducted in a 
companion study to this project, the results of which are pending but potentially 
interesting in terms of the relationship of these genes to the presence of antibiotic 
resistance and the ecological and epidemiological dynamics that such a relationship 
might foster (Heinemann & Dobbs, personal communication). 
Evidence exists for rapid genetic change in Vibrio cholerae in the environment. 
Khetawat et al. (1999) demonstrated that more recently isolated 0139 strains exhibited 
strikingly different antibiotic-susceptibility patterns and were found to have acquired an 
extra rrn (ribosomal RNA) operon compared to earlier 0139 isolates. These findings 
were corroborated by the work of Faruque et al. (2003b), who documented the 
emergence and evolution of the 0139 serotype of V. cholerae, including the rapid genetic 
reassortment of 0139 strains in response to the changing epidemiology of V. cholerae 01 
and their competition with 01 strains. Dalsgaard et al. (1999b) showed that a dramatic 
genetic shift, as evidenced by ribotypes and antibiotic susceptibility patterns, occurred in 
epidemic strains of V. cholerae 01 in Vietnam in the early 1990's. Their study suggested 
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that changes in genotype observed among these strains might be related to a class I 
integron propagating via horizontal processes. Similarly, Waldor et al. (1996) 
demonstrated the presence of a chromosome-integrating transposon that could be 
transferred conjugally from V. cholerae 0139 to V. cholerae 01 and Escherichia coli 
strains. Their research showed that this mobile genetic element is responsible for unique 
patterns of antibiotic resistance exhibited by strains of V. cholerae 0139 and that the 
potential exists for the rapid propagation of these resultant traits. In addition to these 
relatively small-scale genetic exchanges, there has also been a study supporting the 
conversion of non-01 to 01 serotypes, a phenomenon with obvious implications for the 
epidemiology of human cholera (Colwell 1996). 
Antibiotic Resistance 
Antibiotics are chemical compounds that inhibit the growth of organisms, usually 
bacteria. These substances have become an integral component of modern society and, 
as such, are inextricably tied to human activities (Levy 1998), potentially even ballast-
water transport (Zo et al. 1999). The discovery of penicillin by Fleming in 1929 initiated 
the modern era of antibiotics. By 1942, this compound had been isolated and employed 
for widespread clinical use. The proving grounds of this antibiotic were the battlefields 
of World War II and the results were manifested in a marked decrease in deaths from 
infection and disease. On the heels of this highly publicized success story, antibiotic 
research flourished during the so-called 'golden era' of antibiotics from 1939-1959. 
Many of the classes of antibiotics with which we are familiar today originated from 
research conducted during this time period. However, complacency set in as doctors 
claimed that most common diseases could be held in check with the available suite of 
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antibiotic therapies (Travis 1994). The inactivity in antibiotic research was demonstrated 
by results from 1980-2000, a period in which no new classes of antibiotics were 
developed (Amabile-Cuevas 2003). Unfortunately, the emergence of widespread 
resistance to antibiotics among pathogenic organisms was the event required to spark 
renewed interest in the research and development of new antibiotic compounds. 
A common use of antimicrobial compounds is in clinical settings to treat human 
illnesses. Human applications account for over half of global usage (Amabile-Cuevas 
2003). In addition to reactive treatment of disease symptoms, antibiotics can also be 
invoked as prophylactic measures in the attempted control of disease outbreaks. 
Agricultural practices account for most of the remaining usage of antibiotics (Levy 
2002). Again, this usage involves both therapeutic and proactive methods. One such 
means of prophylaxis is the use of probiotics in livestock as a blanket attempt to 
discourage disease and enhance per-capita production of livestock products. A related 
but less rampant non-human use of antibiotics is seen in the field of aquaculture. 
Aquacultural practices are becoming increasingly widespread and may be important 
localized sources of antibiotic resistance in aquatic systems (Molina-Aja et al. 2002). 
The original sources of most antimicrobial compounds used for anthropocentric 
purposes are the antimicrobial defense mechanisms of organisms in the natural 
environment. These mechanisms have evolved to target specific weaknesses of potential 
pathogens, which likewise have co-evolved modifications of the targets so as to maintain 
a dynamic evolutionary balance. Such relationships are evident at all taxonomic levels, 
from the smallest prokaryote to the most advanced multicellular organisms. Most 
antimicrobials produced by prokaryotes are used for competitive inhibition. Just like 
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higher plants use allelopathy to maintain their competitive niche, microorganisms excrete 
antimicrobial compounds to stake their claim to resources at the micro-level. Inherent in 
this arrangement is the fact that the organism producing the antimicrobial must be 
resistant to this compound at some level in order for the relationship to persist. It has 
been hypothesized that most mechanisms of antibiotic resistance plaguing modern 
medicine originated from such adaptations of antimicrobial-producing organisms (Davies 
1994). 
Of the natural antibiotics isolated for human use, those derived from the genus 
Streptomyces are by far the most prevalent, accounting for over 70% of antibiotics 
currently in use (Gabay 1994). Included amongst these are the tetracyclines, 
erythromycins, aminoglycosides, chloramphenicol, vancomycin, and tetracycline. The 
genus Bacillus is also a prolific producer of antibiotic compounds, of which bacitracin is 
the most notable. Fungal derivatives comprise most of the eukaryotic compounds used 
for antibiotic therapy; fusidic acid and the beta-lactams, including penicillin and 
cephalosporin, are some of the most important. However, the most promising frontier for 
antibiotic research is in the area of synthetic molecular chemistry. Most new classes of 
antibiotics introduced since the 1960's have been synthetically derived (Travis 1994). 
The sulfonamides were the first class of synthetic antibiotics to be investigated, starting 
in the 1930's. Another important class of synthetics is the quinolones, including nalidixic 
acid and ciprofloxacin. Although many synthetic antibiotics are modeled after natural 
compounds, the ability to manipulate the chemistry of antibiotics facilitates the 
exploration of novel modes of action while minimizing side effects (Amabile-Cuevas 
2003). 
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There are five primary modes by which antibiotics exert their effects. All involve 
the disruption of some critical process in the cell cycle of the affected organism. The 
result is either cell death or stasis of cell division. The inherent structural and 
biochemical differences between the eukaryotic and prokaryotic cell serve to define the 
primary targets for antimicrobial agents. Foremost are inhibitors of cell-wall synthesis 
such as bacitracin and the beta-lactams. Since bacteria have a unique cell-wall structure, 
these antibiotics selectively target the infectious bacterial agent without any side effects 
on the infected human host. Similarly, the second mode of antibiosis, inhibition of 
prokaryotic protein synthesis, selectively targets the 70S ribosomes characteristic of 
prokaryotes and is exemplified by the effects of tetracycline and chloramphenicol. 
However, since certain eukaryotic organelles such as mitochondria and chloroplasts 
possess 70S ribosomes, the side effects of these drugs can be considerable (Chopra & 
Roberts 2001). The classes of antibiotics comprising the third mode of action are even 
less selective and include the inhibitors of nucleic-acid synthesis, such as naladixic acid 
and rifampicin. Since replication, transcription, and nucleotide biosynthesis are similar in 
prokaryotes and eukaryotes, these drugs are not selectively toxic. However, their benefit 
derives from the fact that they only affect actively dividing cells and thus target the 
invading infectious agent. Also, since processes involving nucleic acids are mostly 
evolutionarily conserved, these antibiotics are often less prone to the evolution of 
resistance mechanisms. Perhaps the most promising frontier for new antibiotic research 
is in the realm of metabolic inhibitors, the fourth mode of antibiosis (Amabile-Cuevas 
2003). Since there are many differences in metabolic pathways between prokaryotes and 
eukaryotes, numerous avenues exist for the development of novel drugs. The inhibition 
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of folate metabolism by the sulfonamides is an example of a metabolic inhibitor. Finally, 
the least specific antibiotics are those that affect the cell membrane. These drugs can 
achieve their intended effect by altering membrane permeability, disrupting the integrity 
of the membrane, or altering membrane enzyme systems. Their action is similar to that 
of disinfectants, with the advantage of being less toxic but the disadvantage of being less 
selective. 
One of the most pressing concerns for the medical and scientific communities is 
the emergence of widespread and multiple antibiotic resistances in previously susceptible 
pathogenic microorganisms (McCormick 1998). Overuse and misuse of antibiotics in 
medicine and agriculture have exerted selective pressure on previously susceptible strains 
of various pathogens. The result is that many mutations and horizontal-gene acquisitions 
that confer antibiotic resistance are now evolutionarily favored and maintained in 
bacterial populations. The short generation times of bacteria and their genetic plasticity 
can result in rapid spread of such resistance within and among populations. In addition to 
the obvious implications on human health, this phenomenon also has potential ecological 
ramifications in that the natural antimicrobial defense mechanisms of certain organisms 
are challenged, thus altering the dynamics of the affected ecosystem (O'Brien 2002). 
Consequently, in many cases antibiotic resistance has progressed from a clinical 
phenomenon to an environmental one. 
Resistance to ah antibiotic can manifest as one of several mechanisms, ranging 
from general to specific. Efflux proteins are perhaps the most general of these resistance 
adaptations (Krulwich et al. 2005). Active efflux is achieved via the establishment of a 
proton-motive force across a cell membrane and the antibiotic is pumped from the cell 
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against its concentration gradient. A similar general resistance mechanism is the 
alteration of cell-membrane permeability. In this case, the antibiotic is prevented from 
even entering the cell through modification of the appropriate channels (Nikaido et al. 
1998). 
A number of specific adaptations are also observed in bacterial strains resistant to 
various antibiotics. The presence of ribosomal protection proteins negates the activity of 
antibiotics that inhibit protein synthesis. Similarly, the production of competitive binding 
proteins may ensure that the target is saturated when exposed to the antibiotic. An 
alternative to protection is to alter the target physically such that the antibiotic will no 
longer bind. Although just as effective, this mechanism has the potential to modify other 
functions of the target and therefore is less prevalent (Spratt 1994). 
Perhaps the most effective solution is simply to eliminate the antibiotic and target 
or both altogether (Davies 1994). Some microbes have evolved the ability to bypass the 
metabolic step affected by the antimicrobial compound. This adaptation is demonstrated 
by sulfonamide-resistant bacteria that have evolved an alternate pathway of folate 
metabolism (Huovinen et al. 1995). Other microbes have developed mechanisms to 
enzymatically inactivate the antibiotic. This inactivation can be accomplished via 
hydrolysis or through derivitization, such as with beta-lactamases and their target beta-
lactams (Frere 1995). 
Although most resistance mechanisms are chemical in nature, microbes that form 
biofilms can present a physical barrier to the action of antibiotics (Mah & O'Toole 2001). 
In many cases, bacterial species that are normally susceptible to an antibiotic (e.g., 
Klebsiella pneumoniae and ampicillin) will demonstrate resistance when they form a 
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biofilm. In addition to changes in resistance brought about by simply being in a biofilm 
structure, the proximity of microbes in a biofilm setting may also facilitate horizontal 
transfer of genes encoding other forms of resistance (Stewart & Costerton 2001). 
In many microorganisms, antibiotic resistance is an inherent adaptation to 
interactions involving natural antibiotics. The ultimate source of such resistance was a 
mutational event, in which a spontaneous change in the genotype led to the expression of 
a trait that was selectively favored (Levy 1998). These mutations occur at a relatively 
constant background level, independent of the selective pressures for their maintenance. 
Once established, these resistances are transferred generation to generation via vertical 
mechanisms. However, the potential also exists for extrachromosomal transfer of the 
corresponding genetic sequences (Levy 2002). 
Beta-lactams, the focus of this study, are a widely used class of antibiotics that act 
through the inhibition of bacterial cell-wall synthesis. Resistance to such antibiotics is 
mediated primarily through beta-lactamase enzymes (Livermore 1995). Sequence 
analyses show that genes encoding beta-lactamases have been in existence at low levels 
for millions of years (Frere 1995). Although the origin and adaptive significance of these 
genes is debated, it is clear that following the introduction of penicillin (and derivatives 
such as ampicillin), there was a gradual global spread and diversification of beta-
lactamase genes in gram-negative bacteria (Fox & Phillips 2004). 
The proliferation of resistance to antibiotics has been observed in a wide range of 
bacterial species, including Vibrio cholerae. It was once thought that V. cholerae lacked 
the ability to retain resistance plasmids. The discovery of resistant strains associated with 
epidemics, however, beginning with those in Tanzania and Bangladesh in the late 1970s, 
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has since disproved this idea (Sack 2001). Since 1977, strains have been isolated with 
plasmid-encoded, high-level resistance to tetracycline, ampicillin, kanamycin, 
streptomycin, sulfonamides, TMP, and gentamicin (Sack 2001). The rapid and continued 
appearance and disappearance of resistant strains in response to antibiotic pressure 
suggests an extensive pool of easily mobilized antibiotic-resistance genes in populations 
of V. cholerae (Garg et al. 2000). V. cholerae 0139 is traditionally resistant to 
streptomycin and the vibriostatic agent 0/129, and is usually resistant to 
sulfamethoxazole-trimethoprim (Yamamoto et al. 1995). Unlike many other human 
pathogens, however, strains of V. cholerae often revert to antibiotic sensitivity even after 
resistant strains have become endemic to a region (Sack 2001). This tendency can 
possibly be traced to the fact that V. cholerae is primarily associated with aquatic 
environments and is only secondarily a human pathogen (Colwell & Huq 2001). In 
theory, there is less pressure for the organisms to maintain antibiotic resistance in an 
environmental setting, possibly resulting in the observed loss of resistant phenotypes in 
V. cholerae populations. 
Horizontal Gene Transfer 
Extrachromosomal transfer of antibiotic resistance can occur via three pathways, 
conjugation, transduction, and transformation. Transformation is deemed the least likely 
in the environment because genetic material does not persist for extended periods under 
such conditions (Van Elsas & Bailey 2002). Transduction is not well studied, but 
seemingly the potential exists for widespread antibiotic transfer via bacteriophages (Jiang 
& Paul 1998). Conjugation has received the most attention and is generally considered to 
13 
be the most important mechanism for transfer of antibiotic-resistance genes (Ochman et 
al. 2000). 
Horizontal gene transfer by conjugation occurs via several mobile genetic 
elements. Plasmids are perhaps the most notorious of these vectors. These relatively 
small, autonomously replicating pieces of DNA can move among cells of different strains 
and species, often carrying a diverse set of genes that encode for everything from 
multiple antibiotic resistances to metal resistance. Furthermore, these plasmids can 
exchange DNA with the genome of the host cell via transposons, integrons, and gene 
cassettes. Transposons are pieces of DNA that are capable of moving within the 
chromosome or from the chromosome to a plasmid and the converse. Gene cassettes are 
similar but are smaller (often only one gene) and require an integron to assimilate. 
Integrons are regions of the chromosome or plasmid that incorporate these mobile gene 
cassettes, some of which encode mechanisms of antibiotic resistance (Davies 1994). 
Plasmids encoding antibiotic resistance persist in bacterial populations, even in 
the absence of selective pressure from the respective antibiotics (Smith & Bidochka 
1998). A phenomenon termed post-segregational killing (psk) or plasmid addiction is a 
system in which a plasmid has two sets of genes, one encoding for a toxic protein and the 
other an RNA that inhibits the expression of this protein. When the plasmid is lost from 
the cell, the mRNA for the toxic protein outlasts the inhibitor, resulting in cellular death 
(Amabile-Cuevas 2003). Furthermore, plasmids may also contain other beneficial genes 
that maintain the selection for antibiotic-resistance genes. For example, if a plasmid 
contains both metal-resistance and antibiotic-resistance genes and its host inhabits an 
environment with high concentrations of heavy metals but low concentrations of 
14 
antibiotics, then the antibiotic-resistance genes will likely be maintained in conjunction 
with the selectively favored metal-resistance genes (Arakawa et al. 1995). 
In the confined environments of a ballast-tank setting, one can envision the 
potential for heightened exchange of genetic information. For example, biofilms are 
prevalent on the structural members of ships' ballast tanks (Drake et al. 2005; Drake et al. 
2007), providing an arrangement in which bacterial cells are in close proximity and 
shielded from external stresses. Studies have shown that horizontal gene transfer is often 
enhanced in conditions such as these (Prosser & Lagido 2000). 
Statement of the Problem 
The objective of this study was to investigate the dynamics of antibiotic resistance 
among populations of Vibrio cholerae isolated from ships' ballast water. The broad 
question I addressed in this dissertation is whether antibiotic resistance occured in Vibrio 
cholerae isolated from ballast tanks and, if so, how the antibiotic-resistance profiles 
differed from isolates collected in nearshore environments. Specifically, I focused on 
aspects of these questions that were related to the phenotypic expression and genetic 
mechanisms of antibiotic resistance in isolates of Vibrio cholerae obtained from ballast 
tanks and environmental sampling. As such, my first goal was to determine the 
phenotypic prevalence of antibiotic resistance in these isolates using disk-diffusion 
techniques. These isolates were then subjected to a suite of molecular assays to isolate 
and characterize any plasmids that were present and examined for antibiotic-resistance 
genes using polymerase chain reaction (PCR) and sequencing techniques. Finally, I 




PHENOTYPIC CHARACTERIZATION OF ANTIBIOTIC RESISTANCE 
Introduction 
Anthropogenic dispersal of non-indigenous or so-called "exotic" species 
represents a significant threat to the structural and functional integrity of coastal 
ecosystems. Invasion by nuisance organisms has vastly altered some native floral and 
faunal assemblages, resulting in displacement of endemic species through competition, 
predation, parasitism, and disease. Ships' ballast water is a major vector for the dispersal 
of these invaders, with over 79 million gallons of foreign water being dumped in United 
States waters annually (Carlton 1995). This water is taken up in the port of origin to 
provide stability for the ship during its voyage, and may be released in the port of 
destination, sometimes in an environment of similar ecological character to the original 
port. Although a variety of proposed methods exist to treat ballast water and residuals 
(e.g., ozonation, chlorination, and ultraviolet light), the only current method widely 
employed to limit potential introductions is open-ocean exchange, in which ballast tanks 
are flushed with full-strength salt water to wash away the bulk of coastal organisms and, 
for low-salinity species at least, create an environmental mismatch release of the ballast 
contents in the port of destination (Gollasch et al 2007). 
Organisms from a variety of taxa can survive in ballast tanks (Carlton 1985), but 
most attention regarding ballast-mediated invasions has been focused on 
macroinvertebrates such as the freshwater zebra mussel (Dreissena polymorpha) and the 
veined rapa whelk (Rapana venosa). This is due primarily to their tangible presence as 
macroscopic species and the realized or potential economic impacts associated with their 
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invasions. Until recently, relatively little research was devoted to the microbial 
components of ballast-tank communities, other than noting their presence in the tanks 
(Drake et al. 2001). This dearth of microbial studies can be attributed to a variety of 
factors, but is mainly due to the relative difficulty of studying the microscopic invaders. 
However, the potential impacts of these microbes may be far greater than all macroscopic 
taxa combined. Some microbes are pathogens of human beings, as well as plants and 
animals. Dispersal of different pathogenic strains could have drastic implications for 
human health in the destination region, especially if these strains have other undesirable 
traits such as antibiotic resistance. The fact that microorganisms have wide physiological 
tolerances, and in some cases form resting stages when stressed, is even further testament 
to the potential risks associated with microbial dispersal by ballast water. Our 
understanding of the dynamics of microbial dispersal and colonization is poor, and we do 
not have the taxonomic inventories in most regions to distinguish between indigenous 
and exotic microbial species (Pierce et al. 1997). 
One of the most pressing concerns regarding exotic microbial species invasions is, 
of course, an anthropocentric one. The presence of Vibrio cholerae 01 and 0139 in 
ballast-water samples taken from vessels visiting the Chesapeake Bay is relevant to issues 
of public health (Ruiz et al. 2000). These two serotypes of V. cholerae have been 
implicated in pandemic outbreaks of human cholera that have plagued underdeveloped 
countries into the 21st Century. Although V. cholerae is endemic to the Chesapeake Bay 
region and little risk for pandemic cholera exists because of our water-treatment systems, 
it is possible that a new strain from a foreign port could invade the Bay and transfer novel 
genes into native populations of bacteria. When discussing possible bacterial invasions 
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via ballast water, it is important to consider the genetic plasticity of these organisms. 
Many bacterial species appear to be globally ubiquitous in their distribution. However, 
there exist genetic variants (e.g., serotypes, strains) of these species that may not be as 
widespread. As a result, one might invoke the concept of "invasive genotypes" rather 
than "invasive species" when addressing bacterial introductions (Thomson et al. 2005, 
Dobbs & Rogerson 2005). 
Resistance to antibiotics is a phenomenon in bacteria that can have adverse 
consequences for anthropocentric as well as ecological concerns (see Chapter 1 for 
detailed information regarding antibiotics and resistance). Antibiotics were widely 
invoked as 'miracle cures' for various human pathogens since the first clinical use of 
penicillin over 50 years ago. Antibiotic research blossomed from 1950 through the 
1970s, but pharmaceutical complacency ensued as infections were conquered. 
Consequently, not a single new class of antibiotics was discovered from 1980 through 
2000 (Amabile-Cuevas 2003). In the meantime, many strains of bacteria developed 
mechanisms to resist the actions of early-generation antibiotics. What was once a clinical 
phenomenon has been increasingly observed in environmental settings as a result of the 
widespread overuse of antibiotics in medicine and agriculture (Radu et al. 1999). An 
estimated 90-180 million kilograms of antibiotics are used annually, enough for four full 
treatment courses per human being on the planet (Fox & Phillips 2004). Antibiotics are 
often prescribed for conditions in which they are ineffective, such as viral infections. 
Recently, broad-spectrum antibiotics have been increasingly used for prophylactic 
measures in attempts to stem local outbreaks and prevent illnesses associated with travel 
abroad. In the agricultural realm, antibiotics are often used probiotically in an effort to 
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increase the growth and yield of livestock. In the United States, ten times more 
antibiotics are used in agriculture than for human treatment. Both antibiotics and 
resistant bacteria are shed in agricultural waste. This waste often seeps into groundwater 
or escapes via runoff, creating the potential for transfer of resistant populations of 
bacteria into environmental reservoirs. Consequently, up to 100% of environmental 
bacterial isolates in some countries have exhibited resistance to first-line antibiotics such 
as tetracycline and ampicillin (Sack 2001). 
A factor compounding the problem of antibiotic resistance is the capacity of 
bacteria for horizontal gene transfer. Antibiotic resistance is often borne on plasmids, 
transposons, integrons, and mobile gene cassettes, all genetic elements that are readily 
transferred among bacteria. Horizontal transfer processes include transduction via phage 
vectors, transformation via DNA molecules in the environment, and conjugation via 
direct cellular contact. Mobile genetic elements often carry other potentially dangerous 
traits in addition to antibiotic resistance, such as virulence factors and heavy-metal 
resistance (Amabile-Cuevas 2003). 
In this chapter, I address the phenotypic character of antibiotic resistance 
observed in isolates of Vibrio cholerae from ships' ballast tanks and nearshore waters. 
From this bank of isolates, I determined antibiotic-susceptibility profiles for a suite of 
common antibiotics, as well as the distribution of susceptibility responses relative to the 
source from which the isolate was derived. My results demonstrate that not only does 
antibiotic resistance occur in both ballast tank and'nearshore samples, but the level of 
resistance is dependent on the source from which the samples was taken. 
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Methods 
In the Great Lakes and Chesapeake Bay, ballast water, residual sediments and 
porewater, and, in some cases, biofilms were collected from 17 commercial vessels. 
These samples were obtained both from tanks that had undergone open-ocean exchange 
of their ballast volume and from those that were unexchanged. To complement these 
ballast-tank samples, nearshore waters were collected when possible. These nearshore 
samples derived from 11 locations, primarily in the Great Lakes and Chesapeake Bay 
(Fig. 1), but also several 'samples of opportunity' from across the globe (Canada, 
Mexico, Malta, and Singapore). The samples from Chesapeake Bay were collected over 
the four-year period, 2001-2005. Additionally, samples were collected during the course 
of two transatlantic voyages on commercial ships in 2001 and 2003. 
Putative Vibrio cholerae were isolated by passing water through 0.45 um gridded 
filters (Osmonics, Inc., Minnesota), followed by transfer of the filters to TCBS agar 
(Becton Dickinson Corp., New Jersey) for selective cultivation (see Fig. 2 for a summary 
of this and subsequent techniques). Sediment samples were centrifuged to obtain 
porewater supernatants that were processed in the same manner. Biofilms were scraped 
from the ballast-tank wall within an area defined by a standard template and the material 
was transferred, along with the head of the sterile plastic scraper, into a sterile 50-ml 
centrifuge tube. In the laboratory, the material in the tube was suspended in saline and 
processed as described above for water samples (Drake et-al. 2005). Sucrose-positive 
isolates (those that were yellow on TCBS) from water, sediment, or biofilm were 
designated as putative V. cholerae, of which up to four colonies per sample were selected 
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Fig. 1. Map of Chesapeake Bay with an inset focusing on the area around the mouth of the bay, where time-
series stations are sampled monthly by Old Dominion University. The inset also highlights the four 
stations from which Chesapeake Bay Mouth water samples were collected. These stations were the source 





































































































































































































































































































































































































for subsequent isolation on Luria-Bertani agar (LB; Difco Laboratories, Detroit, MI). All 
incubations were conducted aerobically at 35°C unless otherwise specified. 
Biochemical confirmation of putative isolates was performed according to the 
method of Choopun et al. (2002), in which a suite of three additional biochemical assays 
delineates presumptive Vibrio cholerae isolates. These assays are the oxidase test, in 
which oxidase reagent (Becton Dickinson, Inc., New Jersey) is applied to a swabbed 
colony, the arginine dihydrolase test, in which isolates are inoculated in LB broth 
amended with 1% (wt/vol) L-arginine (pH 6.8) using Phenol Red as an indicator, and the 
esculin hydrolysis test, in which isolates are plated on heart infusion agar containing 
0.1% esculin and 0.05% ferric chloride. Positive results for these tests are the appearance 
of a dark purple color (oxidase), the appearance of a red color (arginine dihydrolase), and 
blackening of the media (esculin hydrolysis). Results indicative of V. cholerae are a 
positive reaction for the oxidase test and negative reactions for the arginine dihydrolase 
and esculin hydrolysis tests. Those isolates biochemically designated as V. cholerae were 
archived in LB + 25% glycerol (2 ml total) and stored at -80° C. 
PCR was used to confirm the identity of presumptive isolates of Vibrio cholerae 
according to the method of Chun et al. (1999). This method amplifies the 16S-23S rRNA 
intergenic spacer regions (ISR) that distinguish V. cholerae from other closely related 
species. Primers VC-0001-F (TTAAGCSTTTTCRCTGAGAATG) and VC-0001-R 
(AGTCACTTAACCATACAACCCG) target conserved sequences flanking the region of 
interest. PCR amplification was carried out on crude cell lysate in a total reaction volume 
of 50 ul containing the two primers (0.4 uM each), deoxynucleoside triphosphates (200 
uM each), Tag DNA polymerase (Takara Bio Inc.), buffer, and MgCl2. Thermal cycling 
23 
was performed using a PTC-100 thermal cycler (MJ Research) according to the following 
program: (i) initial denaturation at 94°C for 2 min; (ii) 30 cycles, with each cycle 
consisting of denaturing at 94°C for 2 min, annealing at 60°C for 1 min, and extension at 
72°C for 1.5 min; and (iii) a final extension at 72°C for 10 min. 
All isolates identified as Vibrio cholerae by the isolation and identification 
procedures outlined above were subjected to the Antimicrobial Susceptibility Testing 
method of the National Committee for Clinical Laboratory Standards (1999). This 
method uses paper discs with pre-defined concentrations of various antibiotics to 
generate a zone of growth inhibition (ZOI) within a confluent lawn of bacterial growth on 
standardized Mueller-Hinton agar (Becton Dickinson, Inc., New Jersey). The ZOI for 
each antibiotic is compared to a standard zone size predetermined for the species in 
question, and that isolate is then designated as Susceptible, Resistant, or Intermediate. 
The diameter of an antibiotic disc is approximately six millimeters. Resistant isolates 
grow closer to the disc than susceptible ones (zone size of 6-15 mm, depending on the 
antibiotic). Susceptible isolates are more inhibited by the antibiotic, and thus display 
larger zone sizes (starting at 15-26 mm, depending on the antibiotic). The control 
organism used to ensure zone sizes fell within acceptable limits was Escherichia coli 
(ATCC 25922). I assumed acceptable results for this organism ensured the quality of 
media, discs, and technique. 
Mueller-Hinton agar was prepared according to manufacturer's specifications, 
taking care to maintain a pH of 7.3±0.1. Molten agar was dispensed into 100x15 mm 
Petri dishes to a depth of 4 mm (~25 ml of medium). LB broth cultures of the isolate to 
be tested were inoculated from frozen stocks using a sterile loop and incubated for 6-8 
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hours until a turbidity of approximately 0.5 McFarland (unitless measure; determined 
with reference to a purchased standard) was reached. A sterile cotton swab was used to 
inoculate the Mueller-Hinton agar from the broth culture. Excess media was removed 
from the swab prior to transfer by pressing the swab lightly against the wall of the culture 
tube. Spreading of the inoculum was done in three passes, rotating the plate 60° between 
each pass. Two plates were prepared for each isolate because 12 antibiotics were used 
and only six were applied per plate. Application of antibiotic discs was performed using 
a Sensi-Disc dispenser (Becton Dickinson, Inc., New Jersey). Plates were incubated 
overnight at 35°C and zone sizes were measured using a metric ruler. 
Susceptibility testing should include only antibiotics that have been deemed 
clinically effective against the target organism (Sack et al. 2001). With this in mind, the 
following antibiotics were chosen for the initial stages of this study: ampicillin (AMP; 
lOug), bacitracin (BAC; 10 units), chloramphenicol (CHL; 30p.g), gentamicin (GEN; 
lOjag), kanamycin (KAN; 30|ig), moxalactam (MOX; 30ug), nalidixic acid (NAL; 30|j,g), 
penicillin (PEN; 10 units), rifampin (RIF; 5 ug), streptomycin (STR; 10|j,g), 
sulfamethoxazole/trimethoprim (SXT; 25u.g), and tetracycline (TET; 30(j,g). For samples 
collected after 2002, penicillin and nalidixic acid were replaced with cephalothin (30jag) 
and vancomycin (30ug). This refinement of the suite of antibiotics was undertaken 
because the B-lactam antibiotics, penicillin and ampicillin, displayed a 1:1 
correspondence in the results, as anticipated, and only ampicillin was carried forward. 
Nalidixic acid was eliminated because resistance to this antibiotic is not transferred via 
the horizontal exchange mechanisms in which I was interested. 
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As P-lactam resistance was prevalent among the isolates, a colorimetric assay was 
conducted to test for P-lactamase activity using a nitrocefin solution (Calbiochem, EMD 
Biosciences). The isolates were cultured overnight on LB agar with 2% NaCl before 
assay. Two techniques were used on each isolate to determine the presence of [3-
lactamase activity, a slide method and a direct-plate method. 
For the slide method, one 20 uL drop of nitrocefin was placed on a clean glass 
slide. Using a sterile toothpick, a colony of the isolate was removed from the agar and 
transferred to the drop of nitrocefin. This preparation was allowed to sit for 30 minutes 
with the occasional addition of nitrocefin to prevent desiccation of the colony. The test 
was considered positive for P-lactamase activity if the colony's color changed from 
yellow to red during the 30 minute waiting period. If there was no color change, the test 
was considered negative. 
For the direct-plate method, two or three 20 uL drops of nitrocefin were placed 
directly on colonies growing on the plate. If the colony changed color from yellow to red 
almost immediately, the isolate was considered to be positive for P-lactamase activity. If 
no color change was noticed, the test was deemed negative. 
I was able to generate complete zone of inhibition data for 189 of the 310 isolates 
examined using the disk-diffusion assay. This matrix of data points was analyzed using 
Einsight software (Infometrix, Inc., Washington), a program that features principal 
components analysis (PCA) and hierarchical cluster analysis (HCA). Antibiotics that 
were not tested on all isolates (penicillin, naladixic acid, cephalothin, and vancomycin) 
were excluded from statistical testing, as was the antibiotic bacitracin because of the 
unreliability of its results for gram-negative bacteria. In this statistical method, the 
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original data are projected onto new, independent axes that are the product of intrinsic 
patterns in the data. Each principal component (PC) extracts a portion of the variance 
from the original data set. The proportion of variance in each variable (antibiotic 
response) explained by a given PC can be correlated with the original data set to generate 
a 'label' for the sample that is based on the relative loadings for each of the antibiotics. 
These PCA tools facilitate comparison of samples based on differences in the patterns of 
antibiotic susceptibility among the Vibrio cholerae isolates. 
To supplement the exploratory multivariate analyses, univariate statistical 
procedures were conducted on the data sets for nine antibiotics (ampicillin, 
chloramphenicol, gentamicin, kanamycin, moxalactam, rifampicin, streptomycin, 
sulfamethoxazole-trimethoprim, and tetracycline). Again, antibiotics that were not tested 
on all isolates (penicillin, naladixic acid, cephalothin, and vancomycin) were excluded 
from statistical testing, as was the antibiotic bacitracin for reasons mentioned previously. 
Frequency-distribution plots of the ZOI data were examined for normality and a 
one-sample Kolmogorov-Smirnov test was conducted to test the parametric assumption 
that the data were distributed in a normal fashion. As the data were skewed and could not 
be made normal with a logarithmic transformation, a nonparametric statistical procedure 
(Sokal & Rolfe, 1995) was used on the original data. For each antibiotic data set, a 
Mann-Whitney U test was performed to compare the ZOIs of isolates from ballast tanks 
against those of isolates from nearshore waters. For all tests, a critical value of 0.05 was 
used. To account for multiple testing, a Bonferroni correction was used and only those 
tests for which a < 0.05/9 = 0.006 were considered significant. 
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Results 
Isolation and Identification 
During four years of field work, our laboratory's sampling efforts yielded over 
1100 sucrose-positive isolates, i.e., putative Vibrio cholerae. Of these, 356 were 
biochemically confirmed as V. cholerae using the method of Choopun et al. (2002). A 
subset (n=200) of the 356 isolates was tested using the PCR method of Chun et al. 
(1999). All isolates within the subset were PCR-positive for V. cholerae (see example in 
Fig. 3), indicating excellent positive correlation with the biochemical tests. 
Fig. 3. Identification of V. cholerae using PCR based on the 16S-23S rRNA ISR 
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Disk-Diffusion Assay 
Antibiotic-resistance profiles (see example in Fig. 4) were attempted for 310 
isolates of Vibrio cholerae using the disk-diffusion method. Of these, 189 were used in 
statistical analyses, as some profiles were excluded because growth was not sufficient to 
interpret the results for one or more of the antibiotics. Also, some profiles were excluded 
because the isolates were determined to have come from the same colony forming unit 
(cfu) as another isolate. Resistance to at least one antibiotic was detected in 151 (79.9%) 
of these isolates. The most common form of resistance was to beta-lactams (ampicillin 
and penicillin), to which 127 (67.2%; Table 1) of the isolates were resistant. Less 
prevalent instances of resistance were observed to other antibiotics, including cephalothin 
(n=15; 7.9%) of isolates), kanamycin (n=2; 1.1%), rifampicin (n=17; 9.0%), and 
streptomycin (n=3; 1.6%). Only 8 (4.2%) of isolates were resistant to multiple 
antibiotics. 
Although the above results summarize "resistance" as defined by the zone-size 
standards set forth by the NCCLS, there also were marked differences in zone-size 
measurements within the same classification (i.e., 'Resistant', 'Susceptible', or 
'Intermediate') for all antibiotics except bacitracin and vancomycin. In particular, the 
zones for nearshore isolates tended to be smaller (more resistant, but not necessarily 
within the 'Resistant' range) than the zones for ballast-tank isolates (see Appendix I for 
raw zone of inhibition data). 
Overall, the geographical origin of samples was less associated with antibiotic resistance 
than whether the sample was taken from ships' ballast or nearshore waters. Among the 
isolates that yielded interpretable antibiotic-susceptibility profiles, 95 were from 
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Fig. 4. Results of antibiotic susceptibility testing on isolates of Vibrio cholerae (isolate FD6 in two Petri 
dishes on top row, isolate FD12 in two dishes on bottom row). Notice the zone sizes at 12 o'clock 
(ampicillin) on the left and 7 o'clock (penicillin) on the right. The top isolate (FD6) has no clearing at 
these two positions, indicating resistance (+) to those two antibiotics. Conversely, there is an obvious zone 
of clearing at these two positions for the bottom isolate (FD12), indicating susceptibility (-) to those 
antibiotics 
nearshore collections, whereas 94 were from ballast tanks (Table 1). Of nearshore 
isolates, 86 (91%) exhibited resistance to ampicillin, including 100% of those from lower 
Chesapeake Bay and Sept Isles, Canada. Resistance in ballast-tank isolates was 








































































































































































































































































































































































Among these ballast-tank isolates, resistance was higher in biofilm (84%) and residual 
(67%) samples than in those from the water column (32%). For the other antibiotics for 
which resistance was documented, no pattern emerged when resistance profiles were 
compared with geography of sample collection, although the small number of these non-
beta-lactam resistant isolates is not conducive to a robust comparison. 
Nitrocefin Assay 
A colorimetric assay using nitrocefin was conducted to test for the presence of a 
beta-lactamase in those isolates showing resistance to beta-lactam antibiotics. Of the 183 
isolates tested, 114 (62%) tested positive for both beta-lactam resistance and the presence 
of a beta-lactamase. Fourteen (8%) of these isolates yielded incongruous results, 
meaning that either the disk-diffusion or nitrocefin assay was positive while the other was 
negative in the same isolate. The remaining 55 isolates (30%) were negative in both the 
disk-diffusion and nitrocefin assays. 
Multivariate Statistical Analyses 
When principal-components analysis (PCA) was performed on the antibiotic-
susceptibility profiles of the interpretable isolates, several patterns emerged. Ampicillin 
exerted the greatest influence on Principal Component (PC) 1, with a loading value of 
0.78, more than double the next closest antibiotic loading value (Table 2). This PC 
accounted for 58% of the variance in the data set. In a two-dimensional PCA plot (Fig. 
5), two clusters emerged, one corresponding mostly to ballast-tank isolates (74% of the 
samples in the cluster) and the other comprised primarily of nearshore isolates (89%) of 
the samples in the cluster). Therefore, the ampicillin portion of the antibiotic-
Table 2. Loading values from principal-components analysis of antibiotic-susceptibility data. The 
magnitude of the loading, positive or negative, indicates the degree of influence the corresponding 
antibiotic has on the principal component. Loadings are given for the ten antibiotics tested on all 
isolates (left side of table) and for the same data set with ampicillin excluded (right side of table). The 
loadings for two principal components (PCs) are displayed and the first row of data gives the percent 
of the variance in the data explained by the respective PC. Bold values indicate the three (or four) loadings 






























































susceptibility profile contributed greatly to differences between isolates derived from 
ballast tanks and those from nearshore waters. Examination of the original data set 
revealed that ballast-tank isolates were mostly susceptible to ampicillin whereas most of 
the environmental isolates were resistant. Secondarily, the differences in the original data 
set between ballast and nearshore isolates were explained by increasing susceptibility to 
sulfamethoxazole-trimethoprim (SXT) and decreasing susceptibility to moxalactam 
(MOX). Principal component 2 explained 14.34% of the variance for this data set, with 
no discernible difference between ballast and nearshore isolates. The spread in the data 
along this axis was driven primarily by increasing susceptibility to moxalactam, 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































Since ampicillin had the most dichotomous results for antibiotic-susceptibility 
testing (and thus the greatest effect on PCA), the ampicillin data were excluded from 
subsequent analyses to seek patterns that might be obscured otherwise. The same clusters 
persisted (Fig. 6), albeit with less stringency (PC 1 accounted for only 42% of the 
variance in this PCA). Although still distinct from their nearshore counterparts, this time 
the ballast-tank isolates clustered primarily according to levels of susceptibility to the 
antibiotic sulfamethoxazole-trimethoprim (loading value of 0.49) for PC 1 (Table 2). 
Secondary responses for PCI were distributed in a roughly equal amount among seven 
other antibiotics (Table 2). As in the analysis in which ampicillin was included, PC 2 
accounted for considerably less of the variance than PCI, but in this analysis, a greater 
percentage of the total variance (20.78%). Also, there was still a discernible difference in 
the responses of the ballast and nearshore isolates. According to the loadings, 
moxalactam dominated the spread along the PC 2 axis, with secondary effects from 
streptomycin and gentamicin. 
Univariate Statistical Analyses 
Principal-components analysis showed the antibiotic susceptibility of ballast-
water isolates differed from that of nearshore isolates. Subsequent statistical testing 
explored these differences and whether they were statistically significant. Whether 
means or medians, the most pronounced differences between ballast samples (BW) and 
nearshore samples (NS) were for ampicillin and sulfamethoxazole-trimethoprim (Table 
3). Except for moxalactam, all antibiotics had zones of inhibition greater in the ballast 
isolates compared to the nearshore isolates. Therefore, antibiotic susceptibility in general 
was greater in isolates from ballast tanks. 
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Table 3. Summary statistics for ZOI data from 9 antibiotics. The antibiotics used were ampicillin (AMP), 
chloramphenicol (CHL), gentamicin (GEN), kanamycin (KAN), moxalactam (MOX), rifampin (RIF), 
streptomycin (STR), sulfamethoxazole/trimethoprim (SXT), and tetracycline (TET). Other abbreviations 
































































































For statistical comparisons, parametric procedures were ruled out because 
frequency-distribution plots indicated that the ZOI data were distributed in a skewed, 
non-normal fashion. Furthermore, a one-sample Kolmogorov-Smirnov (K-S) test 
confirmed that the data were indeed significantly different from an idealized normal 
distribution. A logarithmic transformation was performed on each of the original data 
sets, but another one-sample K-S test revealed that the data still violated the assumption 
of normality. 
Therefore, a non-parametric Mann-Whitney (MW) test was performed to evaluate 
differences between the antibiotic-susceptibility results (zones of inhibition) of ballast 
isolates and nearshore isolates. Ballast isolates had ZOIs significantly different from 
those of nearshore isolates. For each antibiotic tested (MW test, P<0.002; see Table 4), 
ZOIs were greater for ballast isolates than for nearshore isolates, except for moxalactam, 
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Table 4. Comparison of ZOIs in ballast water (BW) and nearshore (NS) isolates for nine antibiotics using 
































which yielded the opposite, yet still significant, result. These results remained 
unchanged even when a more conservative alpha-value of 0.006 (derived from the 
Bonferroni correction) was applied. Not surprisingly, the rank order of the Z-statistic for 
the antibiotics corresponded strongly to the rank order of the loadings from the principal-
components analyses for these same antibiotics. 
Discussion 
One of the most compelling outcomes of this study was that antibiotic resistance, 
mostly to beta-lactams, was exceedingly common among the isolates. However, it was 
not until principal-components analysis was performed on this large data set that a 
distinct pattern emerged. With few exceptions, no matter what the source region, 
nearshore isolates tended to be more resistant (i.e., smaller zones of inhibition) to the 
antibiotics tested in this study, especially beta-lactams, than were ballast-tank isolates. 
Although not unheard of (e.g., Ash et al. 2002), the level of resistance to beta-lactam 
antibiotics in this study (67.1% of isolates) ranks among the highest recorded for 
environmental samples, even exceeding some values seen for municipal sewage sludge 
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(e.g., Reinthaler et al. 2003). A study of rivers in the United States (Ash et al. 2002) 
found that up to 98% of Escherichia coli isolates were resistant to beta-lactam isolates, 
but no data were reported for Vibrio cholerae. Studies of antibiotic resistance in 
environmental strains of V. cholerae are mostly from southeast Asia, an area in which the 
antibiotic pressures are vastly different than those in the United States. Most studies of 
V. cholerae in Asia not only report resistance to multiple antibiotics, but resistances not 
seen in this study, such as those to tetracycline and sulfamethoxazole/trimethoprim (e.g., 
Garg, 2000). 
The simplest potential explanation for the differences between ballast (relatively 
low levels of resistance) and nearshore (relatively high levels of resistance) samples is 
that the ballast-tank contents originated in ports whose nearshore waters contained 
relatively low ambient levels of antibiotic-resistance genes. However, when I examined 
corresponding nearshore samples from some of the ports listed as the source of ballast 
water for our sample tanks (n=8), I found that they also adhered to the observed 
distribution of resistance. Again, most (75%) of these nearshore samples displayed 
resistance to beta-lactams, whereas the corresponding ballast samples were only 37% 
beta-lactam resistant. This data set of paired nearshore and ballast-tank samples is 
limited, so this comparison serves more to develop a hypothesis than to declare a firm 
finding. 
Another explanation for these results is that the antibiotic resistance of nearshore 
Vibrio cholerae in ballast tanks is lost in transit. Why might this be so? There are 
numerous characteristics of ballast-tank environments that may not favor the persistence 
of antibiotic resistance genes in this setting. Extraneous genes are accompanied by a 
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metabolic cost for their maintenance, even in the absence of continuous expression (Van 
Elsas & Bailey 2002). If, for some reason, the selective pressure to maintain antibiotic 
resistance genes is alleviated in a ballast-tank environment, then one could envision a 
divergence in the antibiotic-susceptibility patterns of tank bacteria pattern relative to that 
of bacteria in the source water. One possible explanation for a decrease in selective 
pressure is that the antibiotic is inactivated or denatured in the ballast tank. If a fixed 
level of antibiotic were present in the ballast water when it is taken up from its source, 
then any processes that would reduce this pool would, in theory, also reduce the selective 
pressure on the bacteria to maintain any associated antibiotic-resistance genes. Studies 
have shown that many antibiotics, especially beta-lactams, are susceptible to chemical 
denaturation by a variety of media, including metal ions, detergents, solvents, and acids 
(Deshpande 2004). Some of these denaturants (e.g., metal ions) may, in the ballast tank, 
be present in levels not encountered in the nearshore environment. Similarly, in an ironic 
twist, any antibiotic-resistance mechanisms that alter the offending antibiotic (e.g., beta 
lactamases) would also eliminate or reduce the cause for the existence of the genes that 
encode these mechanisms. In the nearshore waters where a point source of antibiotic 
may exist, this arrangement may be sustainable, but in a closed ballast-tank environment 
the antibiotic-resistance gene may not be maintained if the mechanism eliminates its 
target with no replenishment. Furthermore, this 'shedding of genes' may be exacerbated 
by the presence of heavy metals and other toxins in the ballast tank. A stressed bacterium 
is even less likely to maintain genetic machinery for which it no longer has an immediate 
use (Ochman et al. 2000). Conversely, ballast-tank environments have several 
characteristics that would seemingly favor the growth and proliferation of heterotrophic 
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bacteria, accompanied by the potential for prolific exchange of genes. Dying 
phytoplankton may contribute to a growing pool of dissolved and particulate organic 
matter that could fuel bacterial production. Furthermore, biofilms are prevalent in 
ballast-tank settings, and many studies show that horizontal gene transfer is enhanced in 
such proximal arrangements (Prosser & Lagido 2000). Some of this growth may be 
tempered by toxic substances (e.g., metals, hydrocarbons) present in many ballast tanks, 
but evidence also exists for proliferation of antibiotic resistance genes in such 
environments because of co-selection with other anti-toxin mechanisms such as metal-
resistance genes (Berg et al. 2005). 
For the most part, the isolates' nitrocefin and disk-diffusion data corresponded as 
expected; that is, when beta-lactam resistance was (or was not) indicated by the disk-
diffusion assay, beta-lactamase activity was (or not) also indicated by the nitrocefin test. 
As mentioned earlier, however, 14 of these isolates (8% of the total) displayed some 
incongruity between these two assays. In the cases where resistance to beta-lactams was 
observed via the disk-diffusion assay, but the corresponding nitrocefin test was negative, 
another explanation is possible. Although beta-lactamases are the most common 
mechanism by which resistance to beta-lactams is achieved, other, more general 
mechanisms also have been documented. Physical mechanisms such as efflux pumps 
have been shown to expel beta-lactams, thus producing a resistant phenotype (Nikaido et 
al. 1998). These pumps, however, are usually not specific to a certain class of antibiotics, 
so we would expect to see more instances of multiple-antibiotic resistance if this 
particular mechanism were operating in these 14 incongruous isolates. At this time, 
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therefore, it is not clear what mechanism is responsible for the mismatch between the 
disk-diffusion and nitrocefin results. 
Although unrelated to my primary goal of investigating antibiotic resistance, the 
results of the preliminary identification steps for the isolation of Vibrio cholerae were 
intriguing. Initially, isolates of V. cholerae used in the antibiotic-susceptibility analyses 
were identified via the biochemical method of Choopun et al. (2002) and this method was 
continued throughout the study as the primary means to generate these presumptive 
isolates. However, to confirm that the isolates were indeed V. cholerae, the PCR method 
of Chun et al. (1999) was used to test isolates from the archive of biochemically 
confirmed V. cholerae. Of the subset of archived isolates tested (n=200), all 
biochemically-confirmed V. cholerae were also genetically positive for V. cholerae. 
These results agree with those of the original work by Choopun et al. (2002), in which 
100% sensitivity (# of isolates positive for both biochemical and PCR testing/number of 
isolates positive for PCR) was observed for Chesapeake Bay. In the present study, the 
isolates negative for the Choopun test were discarded prior to PCR, so specificity (# of 
isolates negative for biochemical and PCR testing/number of isolates negative for PCR) 
was not examined in this study. 
No matter what the cause, whether a product of the source region or some other 
factor such as residence time in the ballast tanks, my results indicate that the antibiotic-
susceptibility profiles of isolates derived from ballast tanks entering the Great Lakes and 
Chesapeake Bay were different from those of the surrounding nearshore waters, as 
evidenced by multivariate analyses. These results have potential implications for ballast-
water management strategies, both for source and destination ports. If indeed ballast 
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water and residuals are being imported from regions with low levels of antibiotic 
resistance, then one must consider that a reciprocal voyage from the Great Lakes or 
Chesapeake Bay, where I observed relatively high levels of antibiotic resistance, may 
possibly introduce these resistance genes into the original source region. If, however, 
antibiotic resistance is being lost during the residence time of the ballast in the tanks, then 
the industry may be able to reconsider its strategies in terms of treatment, at least with 
respect to the transport of antibiotic-resistance genes. 
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CHAPTER III 
GENOTYPIC CHARACTERIZATION OF ANTIBIOTIC RESISTANCE 
Introduction 
The phenotypic analyses conducted in this study (Chapter 2) demonstrate that 
resistance to beta-lactam antibiotics is prevalent in the bacteria isolated from the ballast 
tanks of ships and other aquatic environments. This chapter examines the genetic sources 
of this resistance, specifically seeking the genes encoding for the mechanism(s) 
responsible for the observed phenotypes and determining whether these genes are located 
on the bacterial chromosome or on an extrachromosomal element. 
Extrachromosomal transfer of genetic material can occur via three pathways, 
conjugation, transduction, and transformation. Conjugation is the focus of this study and 
is generally considered to be the most important mechanism for transfer of antibiotic-
resistance genes (Beaber & Hochhut 2004). Conjugative transfer of genes may involve 
one or more mobile genetic elements. Plasmids are the most common of these elements 
and, consequently, I chose to probe my isolates for this class of mobile genetic element. 
Plasmids frequently carry genes encoding for antibiotic resistance (Beaber & Hochhut 
2004) or other potentially beneficial phenotypes. However, in the absence of selective 
pressure from antibiotics or other bacterial inhibitors, the metabolic cost of maintaining 
the plasmid may be too great for the cell to keep it (Andersson & Levin 1999). 
Complicating this microevolutionary balance are phenomena such as segregational 
instability and plasmid deactivation, in which external factors help to regulate the 
relationship between the plasmid and its host irrespective of selective forces (see Chapter 
One for an expanded discussion of horizontal gene transfer). Other mobile genetic 
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elements that shuttle genes between the chromosome and the extrachromosomal pool are 
transposons, integrons, and gene cassettes (Davies 1994). 
Isolated plasmids may be characterized using a suite of restriction enzymes. 
These endonucleases cleave double-stranded DNA at a specific site, leaving fragments 
that can be used to estimate the size and arrangement of a segment of DNA, such as a 
plasmid. Subsequently, patterns of DNA fragments generated by restriction-enzyme 
digests can be used to estimate a plasmid's minimum size and approximately map the 
plasmid based on individual and combined digests from different enzymes. 
The final steps in progressing from a phenotypic determination to a genotypic 
characterization of antibiotic resistance would be to locate the gene(s) responsible using 
PCR and attain a sequence, therefore confirming this identification. The most common 
modes of resistance to beta-lactam antibiotics are beta-lactamase enzymes that cleave the 
offending antibiotics (Frere 1995). The results of the nitrocefin assay described in 
Chapter Two confirmed the presence of such beta-lactamases, but gave no information 
regarding what family of genes might be encoding these enzymes. Three of the most 
common gene families in the beta-lactamase phylogeny are tern, shv, and oxa (Jacoby 
2006). Within these families, a number of variants exist; for example, over 140 Tem-
type enzymes have now been discovered (Bradford, 2001). Variants of Tern enzymes are 
the most commonly encountered beta-lactamases in gram-negative bacteria, with up to 
90% of ampicillin resistance in common gram-negative pathogens (mostly E. coli) due to 
the production of this enzyme. Genes of the shv family share up to 68 percent of their 
amino acids with tern genes and have a similar overall structure. These genes are less 
prevalent but may account for up to 20% of ampicillin resistance in some bacterial 
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populations (Du Bois et al. 1995). Other beta-lactamase gene families such as oxa and 
ctx account for a small percentage of beta-lactam resistance and are not closely related to 
the two major families (tern and shv). As I had a large number of resistant isolates from 
diverse sources, I initiated my search for beta-lactamase genes using tern, shv, and oxa 
primers under the assumption that these representatives of major beta-lactamase families 
would be present in at least some of the populations of V. cholerae from which I obtained 
my isolates. 
Methods 
The confirmed Vibrio cholerae isolates (n=200) were subjected to a suite of 
molecular tests. First, a crude cell lysate was generated for each of the isolates by heating 
them to 94°C in a thermal cycler. Also, genomic DNA was isolated using a Wizard 
Genomic DNA Purification Kit (Promega, Inc.). This alkaline lysis procedure separates 
DNA from cellular protein. Similarly, a Wizard Plus SV Minipreps DNA Purification 
System (Promega, Inc.) was used to isolate plasmid DNA. 
Isolates were also subjected to a suite of molecular techniques in order to 
characterize any plasmids they contained and investigate mechanisms of horizontal gene 
exchange (see Fig. 7 for a summary of these techniques). Each isolate was screened for 
the presence of one or more plasmids using the Wizard plasmid isolation kit described 
previously. Gel electrophoresis was conducted as described above and the plasmid DNA 
bands were compared to a molecular weight standard to obtain the approximate size of 
plasmids. 
Restriction-enzyme analyses were carried out on the plasmids to generate a map 
used to compare plasmids from different isolates. When more than one plasmid was 
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present on the gel, multiple plasmids were extracted using a Qiaex II gel extraction kit. 
In this procedure, a DNA band of interest was excised from the gel and purified and 
concentrated for subsequent analysis. The initial steps in the plasmid mapping were 'trial 
and error' as I determined which restriction enzymes produced the most useful cuts. The 
enzymes ultimately used for digestion of the plasmid DNA were EcoRI, BamHI, and 
Hindlll. The restriction fragment length polymorphisms generated by the digestion were 
then used to distinguish among plasmids from different isolates. 
In isolates that displayed antibiotic resistance, I subjected the crude cell lysate to 
PCR using primers specific for the appropriate antibiotic-resistance genes. PCR analysis 
was performed using primers for the (3-lactam resistance genes tern, shv, MCICARB, and 
oxa. For tern and shv, additional PCR analyses were also performed using lower 
annealing temperatures (see Fig. 8 for a summary of the PCR analyses). 
The genes tern and shv were examined first because they are the most common 
genes encoding for beta-lactamases in gram-negative bacteria (Tasli & Bahar 2005). The 
primers for tern were TEM-F (forward; 5'-GAAGACGAAAGGGCCTCGTG-3') and 
TEM-R (reverse; 5'-GGTCTGACAGTTACCAATGC-3'). The primer pair for shv was 
SHV-F (5'-CGCCGGGTTATTCTTATTTGTCGC-3') and SHV-R (5'-
TCTTTCCGATGCCGCCGCCAGTCA-3,). Conditions for the PCR were as follows for 
the tern primer set: 5 minutes at 94°C for general denaturation, followed by 30 cycles of 1 
minute at 94°C, 1 minute at 55°C, and 1 minute at 72°C. The final extension step was 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































same, but the amplification step was as follows: 30 cycles of 30 seconds at 94°C, 30 s at 
68°C, and 50 s at 72°C. A final extension was carried out at 72°C for 10 minutes. In 
separate PCR analyses intended to examine less specific binding, the annealing 
temperatures for both of these primer sets (55°C for tern and 68°C for shv) were lowered 
by 10°C. 
The genes encoding for carbenicillinase were examined next because of their 
relative prevalence in Vibrio cholerae (Melano et al. 2002). The primers chosen for this 
screening were CARB-F (forward; 5'-CTCTGATGCATGCCTTGCTACT-3' and 
CARB-R (reverse; 5'-GCCTTATCAACGCGACTGTGAT-3'). The PCR started with a 
denaturation step of 5 minutes at 94°C, followed by amplications performed over 25 
cycles, each of which consisted of 30 s of denaturation at 94°C, 45 s of annealing at 
60°C, and 30 s of extension at 72°C. The PCR concluded with a final extension step of 5 
minutes at 72°C. 
Finally, the gene oxa was targeted because it is also a fairly common beta-lactam 
resistance gene in gram-negative bacteria. The primers used for this PCR were OXA-F 
(5'-TGAACAATCTGACTCGGGCT-3') and OXA-R (5'-TGGAGAACCAGA 
AAACGGAT-3'). DNA amplification was performed under the following cycle 
conditions: 94°C for 5 minutes, 60°C for 1 minute, 72°C for 2 minutes (one cycle); 94°C 
for 15 s, 60°C for 1 minute, 72°C for 2 min (30 cycles); and a final extension of 72°C for 
5 minutes (one cycle). 
Results 
Plasmid extractions were conducted on a subset (n=102) of the isolate stock 
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Fig. 9. Gel electrophoresis results of a representative plasmid extraction on eight isolates of Vibrio 
cholerae. The numbers at the top of the gel correspond to the isolate number and LX and LS are 
ladders.The three bands in the lower rectangle are plasmids of approximately 25 kbp, whereas the two 
bands at the top are plasmids of an unresolved larger size 
ranging from ~25 kbp to greater than 38 kbp, as determined by gel electrophoresis and 
restriction- enzyme analyses (Fig. 10). One or more of these plasmids was present in 
approximately 25% of the isolates. The smaller plasmid was more common, occurring in 
-20% of the isolates, whereas a larger plasmid was observed in ~9% of the isolates. 
Attempts to resolve the size of the larger plasmid using a 10-kbp ladder were 
unsuccessful with standard electrophoretic techniques. Instead, the size of this plasmid 
was estimated using a series of restriction-enzyme digests (Fig. 10). Plasmid DNA 
excised from the gel was subjected to restriction using the BamHL EcoRI, and Hindlll 
enzymes. By comparing the size of the restriction fragments to a molecular-weight 
ladder and summing the total, a size of 38 kbp was estimated. 
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Fig. 10. Representative restriction-enzyme digest of the unresolved larger plasmid from FD231 in Fig. 9. 
Plasmid DNA was digested using BamHI (B), EcoRI (E), and HmdIII (H) and compared to the known band 
size of a Lambda-Sty (LS) ladder 
PCR-based techniques have yet to reveal the identity of the gene(s) responsible 
for the beta-lactamase resistance observed in the isolates. Primers for the shv and tern 
genes were used to perform PCR on 277 bacterial isolates; no evidence of the genes was 
observed in all cases. For each of these PCR analyses, Escherichia coli 31558 (a dem-
and s/zv-positive strain) was used as a positive control. In an effort to examine less 
specific binding, the melting temperature for these two PCR reactions was relaxed by 
10°C and a subset of the isolates (n=97) was reexamined. Even with these relaxed PCR 
conditions, no bands were observed in the range of interest, meaning that even related 
DNA sequences were not amplified. 
PCR was also performed using primers for less common beta-lactamases, namely 
oxa and 6/<3CARB- These PCR analyses were conducted on a subset (n=108 for oxa and 
n=96 for blacAKs) of the isolate stocks. As with tern and shv, no evidence of the gene was 
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observed. As these two beta-lactamases are not as variable as tern and shv, no melting 
temperature manipulations were performed. 
Discussion 
The phenotypic results outlined in Chapter 2 indicated a high level of beta-lactam 
resistance in the bacterial isolates examined and differences in the levels of this resistance 
between ships' ballast and nearshore samples. The goal of this chapter was to determine 
the identity and location of the genes responsible for these phenotypes. Part of this 
process was to separate the DNA of the isolates into genomic and plasmid fractions, 
followed by investigation of this DNA using various PCR-based approaches. 
The presence of plasmids in approximately a quarter of the examined isolates of 
Vibrio cholerae (n=25 out of 102) indicates a possible harbor for antibiotic-resistance 
genes and a potential vector for the horizontal transfer of these genes. However, 
plasmids were not present in roughly 75% of these isolates, including many exhibiting 
the beta-lactam resistant phenotype. The most obvious explanation for this phenomenon 
is that the genes producing these resistant phenotypes in non-plasmid bearing isolates are 
located on one or both of the two chromosomes of Vibrio cholerae. Even if the 
resistance were chromosomally-based, the potential still exists for horizontal gene 
transfer through mobile chromosomal elements such as integrons and transposons. 
Unfortunately, PCR with a variety of primers for common beta-lactamase genes has 
failed to elucidate the identity or location of the genes responsible for the observed 
resistance phenotypes. While this result is disappointing, it is instructive to put it in 
context. There are several classes of beta-lactamase genes, many of which are highly 
variable. For example, there are over 140 known variants of the beta-lactamase gene tern 
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and over 60 variants of the gene shv. As these genes are considered to be highly mobile, 
the rates of mutation can be very high and new sequences are regularly discovered. My 
strategy was to examine the most common beta-lactamase genes found in gram-negative 
bacteria. It is entirely possible, however, that the gene (or genes) responsible for the 
antibiotic-resistant phenotypes observed in my isolates is from a class of beta-lactamase 
that was not examined. Conversely, it is possible that the gene (or genes) for which I was 
looking was indeed from one of the classes examined, but was a mutated form not picked 




I found significant levels of resistance to beta-lactam antibiotics in bacteria 
collected for this study, both in nearshore waters and ballast-tank samples. Furthermore, 
I determined that the patterns of resistance to these beta-lactams differ between ballast 
water and nearshore waters. Perhaps the stakeholders most vested in the results of a 
study such as this are the public-health community and the global shipping industry. As 
mentioned in previous chapters, resistance to antibiotics is a threat to public health across 
the globe, so public-health managers need to be interested in any factor that affects the 
distribution of these resistances, both positively and negatively. Similarly, ships' ballast 
has been implicated in the spread of numerous invasive species having deleterious effects 
on human and ecological systems. As a result,, global, shipping interests, both on the 
industry and regulatory sides, closely monitor the dynamics of potentially harmful agents 
transported in ballast tanks. Although the study of microbial and genetic elements in 
ballast tanks (see discussion in Chapter One about 'invasive genotypes') is a relatively 
novel pursuit, this dissertation suggests that transport may indeed affect the biology of 
their microbial communities, specifically with respect to the distribution of antibiotic-
resistance genes. Aside from a meeting abstract concerned with pathogenic bacteria in 
the Great Lakes (Zo et al. 1999), I found no other studies that have investigated the 




While concerns about antibiotic resistance are well articulated for microorganisms 
in food and agriculture, they are not as well understood in coastal waters such as 
Chesapeake Bay and even less so for the ballast discharged into these waters. Because 
such waters are heavily used for recreation as well as by commercial ventures, the 
public's presence in and on the water heightens the chance of human contact with 
discharged ballast water. The presence of antibiotic-resistance genes and potentially 
pathogenic organisms in this discharge have obvious implications for human health, but 
may also have ecological effects by causing disease in organisms other than humans, 
alteration of food webs, or the introduction of non-indigenous species or invasive 
genotypes. 
Indeed, my findings of an abundance of antibiotic-resistance bacteria, both in the 
coastal environment and, to a lesser extent, in ballast tanks, evoke other questions. Do 
the antibiotic-resistant microbes survive transfer from ballast water to coastal waters? Do 
they persist? Are they transferred among organisms via horizontal exchange 
mechanisms? If so, can we prevent the spread of resistance? 
Global Shipping Industry 
The global shipping community has displayed an increased awareness in recent 
years regarding the potential problems posed by microorganisms discharged in ships' 
ballast water and residuals. The International Maritime Organization (IMO), a 
specialized agency of the United Nations, issued in 2004 an International Convention for 
the Control and Management of Ships' Ballast Water and Sediments that proposes 
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acceptable limits for numbers of certain pathogenic bacteria in ballast discharge. Since 
then, smaller agencies such as the California State Lands Commission have issued more 
stringent standards on a regional basis. However, many of these standards deal with 
specific bacteria, usually ones associated with fecal pollution or human diseases. 
Although an important first step, these regulations do not recognize that even bacteria 
normally considered to be relatively harmless may be vectors of potentially harmful 
genes into the environment. 
This study provides an important first look at one of these potentially harmful 
genotypes, resistance to antibiotics, that may transcend populations and 'species' of 
bacteria in ballast tanks and the environment. Even though my results suggest that levels 
of antibiotic resistance may be reduced in ballast water relative to some nearshore waters, 
the possibility still exists that novel genes are being introduced via horizontal 
mechanisms into new environments Of course, the only way to ensure that such 
introductions do not occur is to treat the ballast water in a manner that effectively 
eliminates living organisms. Microorganisms are especially difficult to treat in this 
regard because of their variety of life strategies that render most proposed treatment 
methods less than 100% effective in their removal. Even so, some regulatory agencies 
such as the state of California, have proposed future standards of zero detectable living 
organisms in ballast discharge. In the meantime, studies such as this one are needed to 
further elucidate the effect of ballasting operations on the uptake, transport, and global 
distribution of microbes and their associated genes. 
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Future Work 
I envision two primary directions in which this body of work can proceed. First, 
additional characterization of antibiotic resistance in ships' ballast water and residuals 
from a greater diversity of sources is necessary to fully understand the distribution of 
resistant phenotypes due to ballasting operations. The focus of this work to date has been 
in the eastern United States and most of the ships that were sampled carried ballast water 
that originated from ports associated with the Atlantic Ocean. Of particular interest 
would be ships originating in Asia and Africa, where antibiotic resistance is documented 
as being widespread and diverse. Perhaps an ideal setting for such a study would be the 
west coast of the United States. Shipping pressure from Asia is intense in this region and 
introductions of macroorganisms via ballasting operations have been well-documented in 
ports such as San Francisco Bay (e.g., Cohen et al., 1995). To my knowledge, no studies 
of antibiotic resistance in ballast water have been conducted in this region. 
Characterization of antibiotic resistance also needs to be conducted for additional 
antibiotics and organisms. The scope of the present study was such that only twelve 
antibiotics and one microorganism, Vibrio cholerae, were selected for analysis. Although 
the suite of antibiotics was optimized based on previous work with V. cholerae, there 
remain many other antibiotics, including those currently on the market and ones in 
development, to be tested in the context of ballast water. Likewise, V. cholerae was 
chosen as the focus of this study because of its widespread distribution in coastal 
environments, but many other microorganisms, including some potential human 
pathogens (e.g., E, coli, Enterococcus spp.) are found in ships' ballast water and 
residuals, presumably each with its own unique antibiotic-susceptibility profiles. 
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The second direction that I envision for this research, beyond simple phenotypic 
characterization, is an expansion of the genotypic characterization of antibiotic resistance 
in ships' ballast tanks. Although I attempted to probe a cross-section of the beta-
lactamase gene possibilities, the fact remains that a huge variety of genes, both among 
and within classes of beta-lactamase enzymes, may be responsible for the phenotypes 
observed in this study (see Discussion in Chapter Three for elaboration). Once identified, 
these genes will need to be sequenced so that they may be appropriately placed in the 
genetic classification of beta-lactamases. 
Although work was done to characterize plasmids present in the isolates of V. 
cholerae, no insight was gained into the role, if any, of these plasmids in the transfer of 
antibiotic-resistance genes in ballast tanks and the environment. Armed with the 
knowledge from these characterization studies, I can envision a more experimental study 
in which horizontal gene transfer is explored via two modes, transformation and 
conjugation. Such a study could potentially determine whether transfer of genetic 
elements, especially those conferring antibiotic resistance, happens under conditions 
observed in ballast tanks. To this end, microcosm studies could be conducted in which 
the conditions approximate the environments of ballast tanks and lower Chesapeake Bay. 
These microcosm experiments would determine whether gene transfer occurs and if so, 
estimate the frequency at which it occurs. 
One such experiment has been proposed in our laboratory as a potential future 
project (Heinemann et al. 2005). In order to monitor transfer of plasmid DNA from one 
isolate to another, a simple screening procedure would be used. This screening procedure 
would involve the expression of green fluorescent protein which, when transferred into a 
59 
bacterial cell on a plasmid, causes the bacteria to glow fluorescent green under UV light. 
To ensure the gene is expressed and produces active protein in V. cholerae, the gene 
would be transferred on a plasmid into a V. cholerae isolate and checked for fluorescence 
when exposed to UV light. If functional, such a system could be used to determine if 
DNA can be taken up by V. cholerae under 'natural' conditions. 
The results of this study demonstrate that antibiotic resistance is present in ships' 
ballast tanks, although possibly at levels that are diminished relative to the source 
environment. These proposed experiments investigating horizontal gene transfer would 
address the logical follow-up question, i.e., whether the genes responsible for the 
observed resistances can be propagated horizontally to other populations of bacteria. 
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